I. Introduction
Halides are usually large-gap ionic materials with low carrier mobilities and soft lattices prone to defect formations. The large band gap and the poor carrier transport properties of many halides have largely prevented them from being used as electronic and optoelectronic materials. Traditionally, halides have been used as optical materials, such as luminescent and scintillation materials.
1, 2, 3, 4 However, recently several halides have been found to be excellent optoelectronic materials. For instances, CH 3 NH 3 PbI 3 based solar cells have achieved impressive energy conversion efficiency of 17.9%. 5, 6 The electron and hole diffusion lengths in CH 3 NH 3 PbI 3-x C lx both exceed 1 μm. 7, 8 TlBr, a soft-lattice halide, exhibits excellent transport properties and is being developed as a room-temperature gamma-ray detector material. 9 The electron mobility-lifetime product of TlBr is as high as 6 10 -3 cm 2 /V. 10 The estimated electron lifetime is about 70-100 μs.
9
A number of other halides and chalcohalides, e.g. CH 3 NH 3 SnI 3 , 11, 12 CsSnI 3 , 13 CsPbBr 3 , 14 Tl 6 SeI 4 , 15 Tl 6 SI 4 , 16 etc., have also been shown to exhibit good carrier transport properties.
Among these materials, CH 3 NH 3 SnI 3 and CsSnI 3 have been proposed as promising photovoltaic materials while CsPbBr 3 , Tl 6 SeI 4 , and Tl 6 SI 4 are being developed as gamma-ray detection materials.
These halide optoelectronic materials have diverse crystal structures and a wide range of band gap energies. For examples, TlBr, CH 3 NH 3 PbI 3 , and CsPbBr 3 have simple cubic (Pm-3m), 17 body-centered tetragonal (I4cm), 18 and orthorhombic (pnma) extensively investigated and their carrier transport properties are superior compared to many others. Previous defect calculations show that most of the low-energy defects in TlBr and CH 3 NH 3 PbI 3 are shallow donors or acceptors, which do not introduce deep carrier traps or recombination centers in the band gap. 24, 25, 26, 27 The lack of low-energy deep native defects contribute strongly to the observed excellent transport properties in TlBr and CH 3 NH 3 PbI 3 .
The dominant electron trap in halides is usually the halogen vacancy (V H ), which is typically a deep center (F center) that can cause coloration of many otherwise transparent halide crystals. The F center and the related sub-band-gap optical transitions in alkali halides have been extensively studied for many decades. 28 
II. Methods
Density functional theory (DFT) 32 14 . The band gap of TlBr with rocksalt NaCl structure is calculated to be 3.08 eV.
The electron-ion interactions were described using projector augmented wave potentials. 35 The valence wavefunctions were expanded in a plane-wave basis with cutoff energies of 400 eV for CH 3 NH 3 PbI 3 and CH 3 NH 3 SnI 3 and 238 eV for CsPbBr 3 and TlBr. All atoms were relaxed to minimize the Feynman-Hellmann forces to below 0.02 eV/Å. All calculations were performed using the VASP codes. 36, 37 A 64-atom cubic cell and a 2× 2× 2 k-point mesh were used for RS TlBr. A 2× 1× 2 orthorhombic supercell containing 16 formula units of CsPbBr 3 and a 1× 2× 1 kpoint mesh were used for CsPbBr 3 . A 3× 3× 3 tetragonal supercell with 27 formula units of CH 3 NH 3 SnI 3 and a Г-point-only k-point-mesh were used for CH 3 NH 3 SnI 3 .
Experimental lattice constants were used for all TlBr (simple-cubic CsCl structure 38 and rocksalt NaCl structure 39 ), CH 3 NH 3 PbI 3 , 18 CH 3 NH 3 SnI 3 , 18 and CsPbBr 3 14 .
The halogen vacancy formation energy in a halide is a function of the chemical potentials of the constituent elements (μ) and the Fermi level (ε f ): ΔH = A(μ) + qε f . In this work, the focus is on the charge transition levels induced by the halogen vacancy not the absolute formation energy of the halogen vacancy. Thus, A(μ) is not explicitly calculated but chosen such that the formation energy of a neutral halogen vacancy is zero. The charge transition level ε(q/q') for a halogen vacancy is determined by the Fermi level (ε f )
at which the formation energies of the halogen vacancy with charge states q and q' are equal to each other. ε(q/q') is calculated using
where E q' (E q ) is the total energy of the supercell that contains the relaxed structure of a halogen vacancy at charge state q (q'). The correction to the defect formation energy due to potential alignment (between the host and a charged defect supercell) 40 , 41 was applied.
We did not apply the image charge correction because experimentally measured static dielectric constants are not available for all the compounds studied in this paper.
However, it is known that the halides with ns 2 cations typically have mixed ioniccovalent character, which leads to strong lattice polarization and large static dielectric constants. 21, 22, 24 Large static dielectric constants (such as 30.6 for TlBr) result in very small image charge corrections, 42 which do not affect the conclusions of this paper.
III. Results and Discussion
A Br vacancy (V Br ) in TlBr (simple cubic CsCl structure) has eight neighboring 23 Therefore, the size of the anion vacancy, the anion coordination number, and the band gap are unlikely the important factors that lead to the shallow V Br in TlBr.
The V Br defect state in TlBr is derived from the conduction band states which have predominantly the Tl-6p characters. The comparison between Br vacancies in SC and RS TlBr suggests that the special chemistry of the ns 2 ion (which gives rise to p-orbital derived conduction band states) and the crystal structure both play important roles in creating shallow V Br in SC TlBr. In halides that contain ns 2 cations, the hybridization strength of the cation-p orbitals, which are directional, in a halogen vacancy strongly depends on the crystal structure. When the symmetry of the crystal structure prevents the cation p orbitals from pointing towards the nearest-neighbor halogen anions as is the case for SC TlBr, the cation-anion distance would be relatively long and the hybridization between the cation-p orbitals in the halogen vacancy could be substantially reduced to cause the absence of the vacancy-induced bound defect state in the band gap. In contrast, the conduction band of alkali halides is made up of cation-s orbitals. These cation-s orbitals have spherical symmetry and can hybridize to form an s-like bound state in a halogen vacancy in alkali halides of both RS and SC structure. CH 3 NH 3 PbI 3 has a distorted ABX 3 perovskite structure (body-centered tetragonal structure; space group I4cm) at room temperature. 18 CsPbBr 3 is a promising room-temperature gamma ray detection material. 14 It has a distorted perovskite structure (orthorhombic structure; space group pnma). 14 
V. Conclusions
In light of the exceptionally good carrier transport efficiency in several halide optoelectronic materials (e.g., CH 3 NH 3 PbI 3 and TlBr) and its correlation with the lack of halogen vacancy induced deep electron traps, we performed density functional calculations to understand the material structure and chemistry that create shallow halogen vacancies in these halides. 
